The spindle midzone is critical for spindle stability and cytokinesis. Chromosomal passenger proteins relocalize from chromosomes to the spindle midzone after anaphase onset. The recent localization of the inner-kinetochore, centromere-binding factor 3 (CBF3) complex to the spindle midzone in budding yeast has led to the discovery of novel functions for this complex in addition to its essential role at kinetochores. In G1/S cells, CBF3 components are detected along dynamic microtubules, where they can "search-and-capture" newly replicated centromeres. During anaphase, CBF3 is transported to the microtubule plus-ends of the spindle midzone. Consistent with this localization, cells containing a mutation in the CBF3 subunit Ndc10p show defects in spindle stability during anaphase. In addition, ndc10-1 cells show defects during cytokinesis, resulting in a defect in cell abscission. These results highlight the importance of midzone-targeted proteins in coordinating mitosis with cell division. Here we discuss these findings and explore the significance of CBF3 transport to microtubule plus-ends at the spindle midzone.
Introduction
Successful cell division requires the coordination of chromosome segregation and cytokinesis. In many higher eukaryotes, this coordination is manifested in the determination of the cytokinetic furrow via mitotic spindle position (Rappaport 1996) . The proteins that localize to the spindle midzone in these cells contribute to furrow positioning and later to cytokinesis. By contrast, in many plants and fungi, in which the plane of division is determined before spindle formation, the spindle must align itself perpendicular to the division plane to ensure that equal complements of the ge-nome will be segregated to opposite sides of the division plane (Pearson and Bloom 2004) . In these cells, proteins directed to the spindle midzone may function as a signal for the initiation of cytokinesis, thus preventing cell division until the mitotic spindle has elongated along the proper axis. Regardless of whether the spindle defines the division plane or the cell shape defines the orientation for the spindle, the coordination of chromosome segregation and cytokinesis remains essential to the viability of the resulting daughter cells.
Among the proteins likely to couple chromosome segregation with cytokinesis are those that localize first to centromeres and later to the midzone of the anaphase spindle. The spindle midzone comprises overlapping microtubule plusends and is the future site of cytokinesis. First identified in 1987, chromosomal passenger proteins undergo programmed relocalization from chromosomes to the spindle midzone during anaphase (Cooke et al. 1987 ). This spatial-temporal regulation reflects the changing functions of these proteins during mitosis. Passenger proteins, including aurora B kinase, inner centromere protein (INCENP), survivin, TD-60, Dasra B / Borealin, and Dasra A / Borealin-2, first localize to chromosomes, where they function in chromatin compaction, and subsequently relocalize to the spindle midzone after anaphase onset (Adams et al. 2000; Andreassen et al. 1991; Gassmann et al. 2004; Kaitna et al. 2000; Kang et al. 2001; Leverson et al. 2002; Sampath et al. 2004; Wheatley et al. 2001) . Consistent with their localization to the midzone, passenger proteins contribute to both spindle stability and cytokinesis (Andrews et al. 2003; Carmena and Earnshaw 2003) .
Homologs of the passenger proteins aurora B, survivin, and INCENP have been identified in both Saccharomyces cerevisiae (Ipl1p, Bir1p, and Sli15p) and Schizosaccharomyces pombe (Ark1, Bir1/Cut17, and Pic1). In addition to sequence conservation across eukaryotes, the functions of these proteins are well conserved. As in tissue cells, these proteins have been shown to function during chromosome segregation, spindle regulation, and cytokinesis (Biggins et al. 1999; Buvelot et al. 2003; Kang et al. 2001; Kim et al. 1999; Leverson et al. 2002; Morishita et al. 2001; Petersen et al. 2001; Uren et al. 1999; Yoon and Carbon 1999) .
In addition to forming the scaffold for Ipl1p, Bir1p, and Sli15p localization, the yeast anaphase spindle midzone hosts a number of other proteins involved in mitosis, including the spindle structural proteins Ase1p and Slk19p (Pellman et al. 1995; Schuyler et al. 2003; Sullivan et al. 2001; Zeng et al. 1999) . We have recently found that the inner kinetochore complex centromere-binding factor 3 (CBF3) (consisting of Ndc10p, Ctf13p, Cep3p, and Skp1p) is transported to the spindle midzone during anaphase, where it localizes to the plus-ends of microtubules (Bouck and Bloom 2005) . CBF3 remains associated with microtubule plus-ends during spindle disassembly and is detected along dynamic projections emanating from the spindle pole body in G1 (Fig. 1A) .
The localization of CBF3 to growing and shortening microtubule plus-ends and the spindle midzone is the first demonstration of an inner-kinetochore, centromere-binding complex moving to the midzone (Bouck and Bloom 2005) . This finding highlights the midzone as a key site within the cell where proteins may interact as part of the signaling process essential for coordinating cellular functions. Here we discuss 3 possible roles for CBF3 in addition to its previously defined role in chromosome segregation: (i) midzone CBF3 could contribute to anaphase spindle stability; (ii) midzone CBF3 could act as part of the pathway necessary to ensures that cytokinesis follows chromosome segregation; and (iii) CBF3 associated with microtubule plus-ends could form a "pre-kinetochore" structure that matures into a com- plete kinetochore in the subsequent cell cycle. These novel CBF3 roles are not mutually exclusive of each other and represent a means by which CBF3 may function at different points throughout the cell cycle.
Ndc10p function in spindle stability
The spindle midzone comprises overlapping microtubule plus-ends. In budding yeast, these microtubules are arranged with defined spacing and organization (Winey et al. 1995) . As the spindle elongates during anaphase B, antiparallel microtubules slide against each other as they polymerize, producing the force necessary to separate the spindle pole bodies. Microtubule sliding is presumably a result of plus-end-directed motor proteins crosslinking antiparallel microtubules. Failure to promote microtubule polymerization or to crosslink and slide microtubules would result in short or fragile anaphase spindles.
The spindle midzone is populated by the dynamic plusends of microtubules. In budding yeast, microtubule minusends (embedded in the spindle pole bodies) do not contribute to microtubule dynamics (Maddox et al. 2000; Tanaka et al. 2005) . Growth and shortening of microtubules appear to occur exclusively at plus-ends. At the spindle midzone, factors promoting microtubule polymerization must act to promote the microtubule growth necessary for spindle elongation.
Among the proteins at the midzone, Slk19p and Sli15p have been identified as contributing to spindle stability (Pellman et al. 1995; Schuyler et al. 2003; Sullivan et al. 2001; Zeng et al. 1999) . Additionally, Ipl1p plays a role in regulating the timing of spindle disassembly, as ipl1-321 mutants spend an additional 6 min in anaphase before spindle disassembly (Buvelot et al. 2003) . The mechanism by which Ipl1p regulates the timing of spindle disassembly has not been determined, but 2 likely possibilities exist. Upon full spindle elongation, Ipl1p could activate a microtubule "depolymerase" at microtubule plus-ends to initiate spindle disassembly. One possibility for this microtubule depolymerase is Kar3p, which shows microtubule depolymerase activity in vitro, localizes weakly to spindle microtubules, and contains 4 putative Ipl1p phosphorylation sites based on the described consensus sequence (Cheeseman et al. 2002; Endow et al. 1994; Page et al. 1994) . Alternatively, Ipl1p might regulate the timing of spindle disassembly through the destabilization or delocalization of microtubule plus-end stabilizing proteins. Consistent with this hypothesis, levels of Ase1p and Slk19p at the midzone decrease during anaphase (Bouck and Bloom 2005; Schuyler et al. 2003) . Observation of the localization and stability of these proteins at the midzone in ipl1 mutants would address this possibility.
CBF3 also contributes to spindle stability. Using ndc10-1, a temperature-sensitive allele of NDC10 known to disrupt kinetochore structure and function and to bypass the spindle checkpoint, we examined spindle length and morphology in cells expressing GFP-Tub1p (Fraschini et al. 2001; Gardner et al. 2001; Goh and Kilmartin 1993) . Under nonpermissive conditions, there is enrichment in 2-4 µm spindles in asynchronously growing cells lacking functional Ndc10p (Fig. 2) . Time-lapse microscopy revealed the cause of this enrichment: spindles repeat cycles of failed elongation during anaphase. Spindles in ndc10-1 cells partially elongate (usually to about 5-6 µm), collapse, re-form, and then begin to elongate again (Bouck and Bloom 2005) . This phenotype was attributed to lost Ndc10p function rather than lost kinetochore function, since cells lacking Nuf2p (another essential kinetochore protein) and Mad2p (allowing the cells to bypass the spindle checkpoint) showed no defects in spindle elongation (Bouck and Bloom 2005) . Thus, in addition to functioning at the kinetochore, Ndc10p appears to play a role in stabilizing the spindle during anaphase elongation.
Since CBF3 has neither microtubule-binding nor motor properties, it seems unlikely that CBF3 itself plays a direct role in crosslinking or stabilizing antiparallel microtubules at the spindle midzone (Sorger et al. 1994) . As part of the kinetochore, CBF3 serves as a foundation or scaffold for assembly of the remainder of the kinetochore (McAinsh et al. 2003) . Likewise, at the spindle midzone, CBF3 might aid the assembly of microtubule-associated proteins directly responsible for spindle stability. The organization and dynamics of these proteins (Ase1p, Slk19p, and Sli15p) in ndc10-1 cells could shed light on this possibility.
Coordination of chromosome segregation with cell division
In most eukaryotes, nuclear envelope breakdown and chromosome condensation mark entry into mitosis. Dissolution of the nuclear envelope also enables interaction between the mitotic machinery and the cell cortex, thus allowing the orchestration of chromosome segregation and cytokinesis.
For many years, the formation of a midbody complex appeared to be essential for the positioning of the cytokinetic furrow and completion of cytokinesis, but more recently it has been shown that cells lacking a bipolar spindle (and thus a spindle midzone-midbody) are able to furrow and complete cytokinesis following an induced anaphase (Canman et al. 2003) . In these cells, the stable attachments of microtubules to cortical regions may allow for the delivery of factors necessary for completion of cell division. This model allows for Asynchronously growing ndc10-1 cells were shifted to nonpermissive conditions for 90 min, and then spindle length was measured using GFP-Tub1p. ndc10-1 cells showed an enrichment of shorter spindles, indicating a defect in spindle elongation. the coordination of the mitotic and cytokinetic machineries through spatial regulation and delivery of proteins. Thus, the delivery of certain components to microtubule plus-ends, rather than delivery of these components to the midbody, might be the critical signaling event for cytokinesis.
In budding yeast the nucleus remains intact during mitosis. Wild-type budding yeast forms binucleates and anucleates (a result of undergoing cytokinesis prior to either proper spindle alignment or spindle elongation) extremely rarely, and even mutants affecting spindle positioning show <5% binucleate cells (Li et al. 1993 ). This suggests that budding yeast has a mechanism by which the mitotic spindle signals to the bud neck for initiation of cytokinesis.
We have found that a previously unidentified phenotype of ndc10-1 cells is the formation of multicell clusters (Fig. 3) . This morphology can be a result of either failure to complete cytokinesis or failure in cell abscission following cytokinesis. FLIP (fluorescence loss in photobleaching) analysis of cytoplasmic green fluorescent protein (GFP) expressed in ndc10-1 multibudded cells showed that these cells successfully complete cytokinesis but fail to separate from each other afterwards (Fig. 3) . When the mother cell was specifically photobleached, fluorescence was lost in only 1 of the 2 attached daughters. This suggests that the bud that retained fluorescence had completed cytokinesis, whereas the other bud still shared a continuous cytoplasm with the mother cell. Cell wall digestion of fixed, multicell clusters also showed that these cells had completed cytokinesis but had failed to separate from each other (Bouck and Bloom 2005) .
To better understand the basis of this failure in cell separation, the localization and organization of septins were examined in ndc10-1 cells. In wild-type cells, septins form a ring at the bud neck, which splits into 2 rings around the time of cytokinesis (Lippincott et al. 2001) . Septins have been proposed to recruit or retain factors to the bud neck essential for cytokinesis and cell separation (Dobbelaere and Barral 2004) . In ndc10-1 cells, the septin ring fails to split into 2 rings (Bouck and Bloom 2005) . This defect likely causes the disorganization or delocalization of components needed at the neck during cytokinesis and cell separation.
How might the kinetochore communicate with the cytokinetic machinery? We can imagine 2 plausible means by which the kinetochore signals to the mother-bud neck in a closed mitosis. The first is signaling through the spindle pole body. Spindle pole bodies nucleate microtubules to both the nucleus and cytoplasm. These microtubules may act as signaling conduits emanating from a central hub, the spindle pole. During anaphase, centromere-kinetochore complexes are drawn close to the nuclear side of the spindle pole body, and during spindle disassembly many passenger proteins Fig. 3 . Multicell clusters in ndc10-1 mutants caused by cell separation defect. ndc10-1 cells expressing cytoplasmic GFP were shifted to nonpermissive temperature for 3 h. GFP within the mother was specifically photobleached with 4 laser (488 nm) exposures. Fluorescence intensity measurement of the mother and both buds showed partitioning between the mother and Bud 1, indicating that cytokinesis was complete, but cell separation was defective.
(including Ipl1p, Sli15, Ndc10p, Cep3p) reel back to the spindle pole bodies on depolymerizing microtubule plus-ends (Bouck and Bloom 2005; Buvelot et al. 2003) . Either of these events could act as a signal transduced from the nuclear face to the cytoplasmic face of the spindle pole body. This signal could then be carried to the neck by cytoplasmic microtubules or diffusion of signaling molecules from the cytoplasmic face of the spindle pole body.
Alternatively, the delivery of proteins to microtubule plusends at the midzone during late anaphase could be the initiating step in signaling to the neck that chromosomes have segregated. The spindle midzone is located close to the mother-bud neck. Formation of the midzone complex could cause a signal to the neck through steric interaction of the nuclear envelope with the neck cortex, or through signaling through nuclear pores located near the midzone. Interestingly, many spindle checkpoint proteins have been localized to the nuclear pore complexes, and spindle checkpoint mutants also form multicell clusters when treated with microtubule depolymerizing agents (Hoyt et al. 1991; Iouk et al. 2002; Li and Murray 1991) . Together, these data suggest that failure to form a midzone complex (whether caused by spindle fragility in ndc10-1 cells or microtubule poisons) leads to a failure to complete cell division.
Building a kinetochore
One of the greatest questions remaining in the field of mitosis research is how a centromere-kinetochore-microtubule attachment is formed. Three possibilities exist: first, a kinetochore can be built on a centromere and wait for a dynamic microtubule to find it. Second, a kinetochore could form on a microtubule and search for a centromere. Third, part of the kinetochore could form on the centromere and part on a microtubule; when these complementary complexes find each other a kinetochore is formed.
Discoveries of the last few years suggest that the kinetochore might be divided up into microtubule-associated and centromereassociated complexes. The outer kinetochore Dam1 complex has recently been shown to form rings around microtubules in vitro (Miranda et al. 2005; Westermann et al. 2005) . This structure, if present in vivo, would likely remain associated with microtubules despite the presence or absence of centromeric DNA. In fact, the interface between the Dam1 ring complex and the Ndc80 complex appears to be the site of detachment-reattachment as mediated by the Ipl1p kinase (Shang et al. 2003) . Since other kinetochore proteins and complexes, including the CBF3 complex, Cbf1p, and Cse4p, associate directly with centromeric DNA, it seems likely that Fig. 4 . Model of the changing roles of CBF3. During G1/S, CBF3 may be involved in a search-and-capture mechanism for the capture of centromeres. Once kinetochores are formed CBF3 is essential for kinetochore function. During anaphase, CBF3 localizes to the midzone, where it might play a role in stabilizing the anaphase spindle. Once the spindle has fully elongated, CBF3 is enriched at the midzone, where it could signal to the cytokinesis machinery at the mother-bud neck.
the kinetochore is made up of complexes associated more directly with either the centromere or microtubules.
While increased understanding of kinetochore structure yields insights into how the subcomplexes of the kinetochore are arranged with respect to each other, it fails to directly address the question of how the centromere-kinetochoremicrotubule structure is formed. The recent localization of CBF3 components to the plus-ends of growing and shrinking microtubules following spindle disassembly suggests that this complex may function in the next cell cycle in a "searchand-capture" mechanism to establish new kinetochore attachments (Bouck and Bloom 2005; Tanaka et al. 2005) . Since the CBF3 complex specifically binds centromeric DNA and has now been localized with dynamic microtubules, this "pre-kinetochore" complex is capable of tethering centromerebound chromosomes to microtubules (Fig. 1A) . Upon CBF3 binding of a centromere, additional kinetochore proteins and complexes could be recruited to this structure in a process of kinetochore maturation. The centromere-kinetochoremicrotubule attachment has to be strong enough to withstand forces exerted during metaphase, and the quality of attachments has to be monitored by the spindle checkpoint. The addition of these complexes might offer increased stability and checkpoint function to the kinetochore.
Conclusion
While microtubules have long been appreciated for their roles in nuclear positioning, nuclear orientation, and chromosome segregation, the formation of the spindle midzone and the delivery of proteins to microtubule plus-ends appear to be additional essential microtubule functions. Proteins associated with the spindle midzone are optimally positioned to act in the coordination of chromosome segregation and cytokinesis as a result of their dissociation from chromosomes after anaphase onset and their localization at the plane of division. We have found that the inner kinetochore complex CBF3 is targeted to the spindle midzone during anaphase and that it remains associated with dynamic nuclear microtubules in G1/S cells. CBF3 association with microtubule plus-ends could facilitate search-and-capture of centromeres following centromere replication in early S phase (Fig. 4) . Once kinetochores are formed, CBF3 is essential to kinetochore function (i.e., tethering chromosomes to dynamic microtubule plus-ends). During anaphase, CBF3 is found along the interpolar microtubules and may function to stabilize the elongating spindle. CBF3 is enriched at the spindle midzone in late anaphase, where it might function in signaling the completion of chromosome segregation. These functions show that CBF3 may contribute to kinetochore assembly, spindle stability, and the coordination of chromosome segregation with cytokinesis.
